A series of cationic cobalt porphyrins was found to catalyze electrochemical water oxidation to O 2 efficiently at room temperature in neutral aqueous solution. 10, 15, porphyrin, with a highly electron-deficient meso-dimethylimidazolium porphyrin, was the most effective catalyst. The O 2 formation rate was 170 nmol·cm −2 ·min −1 (k obs = 1.4 × 10 3 s −1 ) with a Faradaic efficiency near 90%. Mechanistic investigations indicate the generation of a Co IV -O porphyrin cation radical as the reactive oxidant, which has accumulated two oxidizing equivalents above the Co III resting state of the catalyst. The buffer base in solution was shown to play several critical roles during the catalysis by facilitating both redox-coupled proton transfer processes leading to the reactive oxidant and subsequent O-O bond formation. More basic buffer anions led to lower catalytic onset potentials, extending below 1 V. This homogeneous cobalt-porphyrin system was shown to be robust under active catalytic conditions, showing negligible decomposition over hours of operation. Added EDTA or ion exchange resin caused no catalyst poisoning, indicating that cobalt ions were not released from the porphyrin macrocycle during catalysis. Likewise, surface analysis by energy dispersive X-ray spectroscopy of the working electrodes showed no deposition of heterogeneous cobalt films. Taken together, the results indicate that Co-5,10,15,20-tetrakis-(1,3-dimethylimidazolium-2-yl)porphyrin is an efficient, homogeneous, single-site water oxidation catalyst.
A series of cationic cobalt porphyrins was found to catalyze electrochemical water oxidation to O 2 efficiently at room temperature in neutral aqueous solution. Co-5,10,15,20-tetrakis-(1,3-dimethylimidazolium-2-yl)porphyrin, with a highly electron-deficient meso-dimethylimidazolium porphyrin, was the most effective catalyst. The O 2 formation rate was 170 nmol·cm −2 ·min −1 (k obs = 1.4 × 10 3 s −1 ) with a Faradaic efficiency near 90%. Mechanistic investigations indicate the generation of a Co IV -O porphyrin cation radical as the reactive oxidant, which has accumulated two oxidizing equivalents above the Co III resting state of the catalyst. The buffer base in solution was shown to play several critical roles during the catalysis by facilitating both redox-coupled proton transfer processes leading to the reactive oxidant and subsequent O-O bond formation. More basic buffer anions led to lower catalytic onset potentials, extending below 1 V. This homogeneous cobalt-porphyrin system was shown to be robust under active catalytic conditions, showing negligible decomposition over hours of operation. Added EDTA or ion exchange resin caused no catalyst poisoning, indicating that cobalt ions were not released from the porphyrin macrocycle during catalysis. Likewise, surface analysis by energy dispersive X-ray spectroscopy of the working electrodes showed no deposition of heterogeneous cobalt films. Taken together, the results indicate that Co-5,10,15,20-tetrakis-(1,3-dimethylimidazolium-2-yl)porphyrin is an efficient, homogeneous, single-site water oxidation catalyst.
electrocatalysis | oxygen | photosynthesis | high valent | single site W ater oxidation is a key step in photosynthesis that efficiently harvests and stores solar energy (1) . The oxidation of H 2 O to O 2 is a four-electron, four-proton process in which O-O bond formation is the key chemical step. In photosystem II, these proton-coupled electron transfers (PCETs) occur via a tyrosine at the Mn 4 Ca oxygen-evolving complex (2) . An important thermodynamic aspect of photosynthesis is the efficient conversion of photonic energy to electrical potential, thus providing 99% of the driving force required to convert CO 2 The development of synthetic catalysts that can mediate water oxidation under mild conditions with a minimal energy cost has become an appealing challenge for chemists (3) (4) (5) (6) (7) . Among various approaches, homogeneous molecular catalysts have shown attractive features such as controllable redox properties, ease of investigating reaction mechanisms, and strategies for the characterization of reactive intermediates (8, 9) . Recently, such efforts have resulted in the development of a significant number of systems based on single-site and multinuclear transition metal complexes including Mn, Fe, Co, Cu, Ru, and Ir (9-15). Examples of cobalt-based molecular catalysts include a cobalt phthalocyanine (16), a cobalt "hangman" corrole (17), multipyridine cobalt complexes (18, 19) , a dinuclear Co-peroxo species (20) , and most recently, Co-porphyrins (21) . Determining if these molecular complexes retain their homogenous nature during catalysis or merely act as precursors of truly active heterogeneous species such as films and nanoparticles has proven to be problematic (8, 22, 23) . This scenario is especially critical for Co-based molecular catalysts because heterogeneous CoO x species are highly active, so that even small amounts of this surface oxide layer could contribute significantly to the catalytic activity (24) (25) (26) (27) . Further, very little detailed mechanistic information for these systems is available to date, and the assignment of the key oxidants responsible for oxidizing a water molecule has been challenging (28). Here we describe mechanistic studies of a series of water-soluble, cationic cobalt porphyrins that effectively catalyze water oxidation electrochemically under mild conditions at neutral pH. The homogeneity of these catalysts was confirmed by a variety of techniques including electrochemical, spectroscopic, and surface analysis that exclude the alternative formation of heterogeneous cobalt oxide films. Our results indicate the generation of a reactive, high-valent Co IV -porphyrin cation radical that has accumulated two oxidizing equivalents above the resting Co III catalyst. Further, we demonstrate a critical role for the buffer base that accepts a proton during the O-O bond-formation event.
Results
The cobalt-porphyrin precursor, Co(II)-5,10,15,20-tetrakis-(1,3-dimethylimidazolium-2-yl) porphyrin tetrachloride (Co II -TDMImP; Scheme 1) was prepared by metallation of the corresponding free base (29) and characterized by UV-vis, EPR, and mass spectroscopies. The UV-vis spectrum of Co II -TDMImP showed a Soret band at 407 nm and two Q bands at 527 nm and 558 nm (SI Appendix, Fig. S1 ). The high-resolution electrospray mass spectrum Significance Efficient and scalable catalysts that mediate the interconversion of electrical and chemical energy are essential to the future world economy. Central to this challenge are robust systems that can split water into its elements, hydrogen and oxygen, with minimal cost. In this article, we describe the discovery and characterization of an efficient, single-site homogeneous water oxidation catalyst based on a cationic cobalt-porphyrin system. Important roles of the buffer base in this catalysis are also described. Our results shed light on the design of next-generation water oxidation catalysts using earth-abundant transition metals and redox active ligand systems.
exhibited an ion at a mass-to-charge ratio (m/z) of 186.82 (SI Appendix, Fig. S2 Fig. S3 , dotted line), which showed broad features at g eff = 5.56 and 3.13 (30) . Therefore, the amount of any free Co 2+ salt as an impurity in the sample is very small. The 1-e − electrochemical oxidation of Co II -TDMImP at an applied potential of 300 mV generated Co III -TDMImP, the active form of the catalyst (described below), which showed red-shifted optical features at 419 nm (Soret band), 540 nm, and 575 nm (Q bands). The at pH 7 (Fig. 1A, red trace) . This feature, which was absent in scans of solutions containing buffer alone (Fig. 1A, black trace) , showed a strong, linear dependence on the concentration of catalyst (Fig.  1A, Inset) . Co II -TDMImP (0.5 mM, pH 7) was then subjected to controlled potential bulk electrolysis at 1.30 V using an indium tin oxide (ITO) working electrode, while monitoring O 2 evolution with a Clark electrode. The rate constant (k obs ) of the O 2 formation was determined to be 1.4 × 10 3 s
, which is ∼18-fold larger than that reported by Berlinguette and coworkers (19) , where k obs can be calculated.] The faradaic yield for oxygen production determined by these measurements for this Co-porphyrin was 85-90% (SI Appendix, Fig. S6 ).
Sustained electrocatalytic oxygen evolution was observed for several hours without significant loss of the catalytic current (SI Appendix, Fig. S7 ). Inspection of the well-defined UV-vis spectrum during and after the electrolysis indicated that loss of the Coporphyrin chromophore was insignificant and that the catalyst inventory remained predominantly Co III -TDMImP (>98%) throughout (SI Appendix, Fig. S8 ). The catalytic current decreased with increasing scan rate over a range of scan rates from 50 to 500 mV·s −1 (SI Appendix, We performed a number of controls to assess the possible formation of heterogeneous metal oxide films. First, the stability of the catalyst was probed under active water oxidation catalysis (WOC) reaction conditions by monitoring the characteristic visible spectrum of Co III -TDMImP (Q bands at 540 and 575 nm). As can be seen in SI Appendix, Fig. S8 , there was negligible decomposition (<2%) over a period of 4 h. We found that 1 mM Co-TDMImP produced a catalytic current similar to that of a heterogeneous cobalt oxide film derived from 0.2 mM Co(NO 3 ) 2 (Fig. 1B) . Accordingly, at least 20% decomposition of CoTDMImP would have been required to generate the observed Scheme 1. Water-soluble cobalt porphyrins studied as water oxidation catalysts in this work. . current, which is completely inconsistent with this spectral monitoring. Likewise, linear sweep voltammetry showed that the catalytic activity of Co-TDMImP remained constant over this time (SI Appendix, Fig. S10 ). We next designed experiments using additives that would scavenge any free Co 2+ ions present in the reaction medium. As illustrated in the SI Appendix, Fig.  S11A , the addition of 0.25 mM EDTA completely suppressed the WOC activity of 0.2 mM Co(NO 3 ) 2 . Further, no cobalt oxide film was observed to form on the electrode surface after multiple CV scans, whereas cobalt oxide was readily detected without added EDTA. In sharp contrast, the catalytic current observed for 1 mM Co-TDMImP retained its full intensity in the presence of 0.25 mM EDTA. These results indicate that there was no significant release of free Co 2+ ions into the solution during catalysis in the presence of Co-TDMImP. This result also excludes the possibility that trace cobalt impurities in Co-TDMImP contribute to the observed WOC activity. Similar results were obtained using Chelex resin in a three-phase test. The addition of Chelex beads drastically reduced the observed catalytic current of 0.2 mM Co(NO 3 ) 2 sevenfold by sequestering free Co 2+ ions (SI Appendix, Fig. S11B ). However, the presence of Chelex beads had no effect on the observed WOC current with Co-TDMImP over the period of the measurement.
The onset potentials obtained using Co-TDMImP and Co(NO 3 ) 2 and the appearance of the catalytic waves are completely different (Fig. 1B) . Further, there was no detectable lag phase in the development of catalytic current for the homogeneous cobalt-porphyrin system. When the working electrodes (both glassy carbon and ITO) were removed from the Co-porphyrin solutions after multiple CV scans or bulk electrolysis and used in clean buffers after gentle rinsing, no significant anodic current was observed relative to a freshly prepared electrode (Fig. 1A and SI Appendix, Fig. S7 ). Inspection of the surface morphology and composition of the glassy carbon electrodes by environmental scanning electron microscope (ESEM) and energy dispersive X-ray spectroscopy (EDX) analysis after multiple CV runs in Co-TDMImP solution with a concentration of even 5 mM showed clean surfaces with no sign of any heterogeneous cobalt phase (SI Appendix, Figs. S12 and S13). By contrast, an obvious cobalt-containing heterogeneous film formed on the electrode surface after scans in the same buffer solution containing as little as 0.1 mM Co(NO 3 ) 2 . Accordingly, the release of any free Co 2+ ions from Co-TDMImP must be less than 2% and not nearly enough to account for the large WOC current.
Several experiments were performed to examine the effects of the buffer concentration on the catalytic water oxidation activity. As shown in Fig. 2 and SI Appendix, Fig. S14 , no catalytic activity was observed in unbuffered H 2 O solution (pH ∼7). However, a significant enhancement of the fixed-potential catalytic current, i cat , was observed with increasing concentrations of HPO 4 2-buffer up to 60 mM. Care was taken during these measurements to maintain the ionic strength of the solution at 0.1 M with NaNO 3 . Interestingly, a decrease of the catalytic current was observed when the concentration of the buffer base was increased beyond 60 mM (Fig. 3A) . This observation suggests the presence of an inhibition pathway at high buffer concentrations. Besides Na-Pi (pK a = 7.21), Co-TDMImP also catalyzed water oxidation at pH 7 with a variety of buffers, including phthalate (pK a = 5.51), bicarbonate (pK a = 6.37), n-butylphosphonate (pK a = 8.19), and tertbutylphosphonate (pK a = 8.88) (Figs. 2C and 3A) .
No redox processes associated with the oxidation of Co III or the porphyrin were observed by either CV or square wave voltammetry (SWV) for Co-TDMImP, presumably because any species more oxidized than Co III are short lived. To gain more mechanistic insight, we compared the behavior of Co-TDMImP with two other water-soluble cationic Co-porphyrins, Co-5,10,15,20-tetrakis-(N-methylpyridinium-4-yl)porphyrin (TM4PyP) (32) and Co-5,10,15,20-tetrakis-(N,N,N-trimethylanilinium-4-yl)porphyrin (TTMAP) (Scheme 1). As shown in Fig. 3B , Co-TM4PyP and Co-TTMAP also catalyzed water oxidation under these conditions, but with diminished efficiency. The catalytic activity, as illustrated by the intensity of the catalytic current at a fixed potential (e.g., 1.50 V), decreased in the order of Co-TDMImP > Co-TM4PyP > Co-TTMAP. Accordingly, the reactive species generated in solutions of Co-TM4PyP and Co-TTMAP are apparently less potent oxidants of H 2 O than that of Co-TDMImP. Notably, anodic waves were observed at 1,130 mV and 920 mV in the CVs of Co-TM4PyP and Co-TTMAP, respectively (Fig.  3B, Inset) .
To illuminate the redox properties of the porphyrin ring, we examined the electrochemical behavior of the corresponding Ga III -porphyrins. A single oxidative process was observed at 1,140 mV and 930 mV for Ga III -TM4PyP and Ga III -TTMAP, respectively, both by CV and SWV (SI Appendix, Fig. S15 ). For Ga III -TDMImP, a broad anodic feature was observed at ∼1,380 mV. These oxidative waves were insensitive to the pH of the solution. Bulk electrolytic oxidation of these Ga III porphyrins afforded a species with an absorption feature centered in a range of 650-660 nm, typical of a porphyrin radical cation (33, 34) . Furthermore, the oxidation potential of Ga III -TM4PyP (1,140 mV) is similar to that of (O)Fe IV -TM4PyP, which generates the known oxoiron porphyrin cation radical (34, 35 ).
An additional oxidative wave beyond the oxidation of the porphyrin was observed at 1,320 mV for Co-TTMAP by SWV (Fig.  3B, Inset) . This feature was not elicited in the CV, as it lies under the catalytic current, indicating that this wave represents the generation of the reactive oxidant that mediates H 2 O oxidation catalysis. Moreover, similar to Co-TDMImP, a dependence of the onset potential on the pK a of the buffer base was also observed (SI Appendix, Fig. S16 ). The second oxidation of Co-TM4PyP was less resolved but still evident in the SWV (Fig. 3B, Inset) , whereas this feature could not be observed for Co-TDMImP. Presumably, the oxidized species of the latter two Co-porphyrins are too reactive to accumulate.
Discussion
The results show that the electron-deficient cobalt porphyrin, Co-TDMImP, is an efficient catalyst for the electrochemical oxidation of water to oxygen. The onset potential of ∼1.2 V (Fig. 1A) compares favorably with values reported for other cobalt-based catalysts, whereas the catalytic current appears to be significantly greater than those of other systems (17, 25) . The observed O 2 formation rate, 170 nmol·cm
, is much higher than that of a recently described iridium-based homogeneous catalyst (36) , and the 85-90% faradaic yield for oxygen production indicates nearly exclusive 4-e − oxidation of H 2 O (SI Appendix, Fig. S6 ).
Several lines of evidence show that this is clearly a homogeneous system. In particular, the stability of the resting Co III complex over hours of measurement and the lack of any effects on catalytic efficiency by either cobalt ion sequestration with EDTA or a three-phase test with Chelex resin show that free cobalt ions are not contributing to the observed WOC activity. This conclusion is further confirmed by the lack of any sign of heterogeneous surface films on the electrodes. Moreover, indications from the scan-rate dependence that O-O bond formation is rate limiting and the strictly linear dependence of catalytic current on catalyst concentration argue that Co-TDMImP is a single-site, molecular catalyst.
The titration of two acidic protons in Co III (OH 2 ) 2 -TDMImP (pK a = 5.1 and 9.4; SI Appendix, Fig. S1 ) and the measured Co Fig. S17 ) of Co-TDMImP is higher than that of Co-TM4PyP and Co-TTMAP; however, it is still too low for the exchange labile Co II state to be involved in catalysis. This conclusion could explain why Co-TDMImP does not lose cobalt ions during catalysis. The cyclic voltammetry and square wave electrochemical results for the family of cobalt and gallium porphyrins studied indicate that porphyrin ring oxidation was occurring at potentials at or below the onset potential for water oxidation. This behavior was most clearly evident for Ga III -and Co III -TM4PyP, which showed ring oxidations at 1.14 and 1.13 V, respectively. Bulk spectroelectrochemical analysis of Ga III -TM4PyP showed a typical, broad, porphyrin radical cation absorbance in the visible spectrum ∼660 nm.
These experimental findings strongly indicate that the observed anodic features ∼1 V vs. Ag/AgCl represent ligand oxidations to the corresponding porphyrin radical cations. No other oxidation waves were observed for the Ga III porphyrins, indicating that the formation of porphyrin dications is not likely. More importantly, oxidation potentials of Ga III -TM4PyP and Ga III -TTMAP are almost identical to those observed for Co III -TM4PyP and Co III -TTMAP (Fig. 3B and SI Appendix, Fig. S15 ). Therefore, we conclude that the oxidative wave found in CVs of these Co-porphyrins also represents the oxidation of Co III porphyrin to the Co III porphyrin radical cation ( + P-Co III -OH). Because the observed ring oxidations occurred before the onset of the WOC catalytic current, the + P-Co III -OH is not the reactive oxidant in this system. The second anodic oxidation, beyond that of the porphyrin ring, which was observed at 1,320 mV for Co-TTMAP by SWV (Fig. 3B, Inset) , appeared to coincide with water oxidation. We suggest that this process represents a 1-e − oxidation of the + P-Co III -OH coupled with the loss of one proton to the buffer anion to generate a Co IV -O porphyrin radical cation (
Thus, the formally cobalt(V) species that is catalytically competent for WOC has accumulated two oxidation equivalents above Co III . Subsequent, rate-limiting O-O bond formation at a single cobalt site is supported by the scan-rate dependence of the catalytic current and the linear dependence of the catalytic current on the catalyst concentration.
Considering the results above, we propose a mechanism for Co-porphyrin-mediated water oxidation as shown in Scheme 2. The generation of the reactive oxidant, -O-containing unit was characterized in a catalytic H 2 O oxidation system mediated by a heterogeneous cobalt oxide catalyst (37) . Likewise, a Co IV -corrole cation radical was proposed as the active species by Nocera and coworkers for the hangman systems (17) . This hypothetical intermediate has been investigated by Lai et al. using density function theory (DFT) computational methods (38) . This work indicated that O-O bond formation in an oxoCo IV -corrole cation radical was the most exothermic reaction with the lowest activation barrier (3.6 kcal/mol) among a number of intermediates studied. The data presented here provide experimental support for such a pathway in the cobalt-porphyrin platform. The single-site aspect of the WOC cycle in Scheme 2 and the critical role of porphyrin ring oxidation contrast to the cobalt-oxyl dimerization pathway were recently suggested by Sakai and coworkers for a photocatalytic cobaltporphyrin water oxidation that used a peroxide as a sacrificial oxidant (21) .
The nucleophilic addition of water to a doubly oxidized cobaltoxo intermediate is formally the microscopic reverse of the conversion of the manganese analog HOO-Mn III TDMImP to transdioxoMn V TDMImP that we have recently described (Scheme 3) (39, 40) . Here, both the hydroperoxo-manganese(III) complex and the oxo-manganese(V) complex were spectroscopically observed and the kinetics of the process could be analyzed in detail.
Significantly, the activation enthalpy of the O-O bond cleavage event was determined to be only 4.2 kcal/mol despite the largescale reorganization that seems to be required for such a transformation. Likewise, reaction of chloride ion with trans-dioxoMn V TDMImP to form hypochlorite via an analogous O-Cl bond formation was shown to be fast and reversible (41, 42) . Redox potential determinations and Nernst equation considerations showed that the potential of this Mn V /Mn III porphyrin system was poised only 100-200 mV below the hydrogen peroxide/water couple. Thus, the high potentials of the electron-deficient TDMImP porphyrin ring oxidation and that expected for the Co IV /Co III couple have apparently crossed that threshold. An important aspect of the current work is the prominent effect of the buffer anion on cobalt WOC. No water oxidation was observed in the absence of the buffer in this aqueous medium at constant ionic strength. For such a base-assisted process, the overall O-O bond formation rate (k cat ) can be expressed by the sum of the rate in unbuffered solution (k water ) and the rate contributed by the addition of buffer base (k b [B] ), as shown in Eq. 3 (31, 43) . Thus, a plot of (i cat /i water ) 2 as a function of the buffer base concentration [B] should give a linear correlation with an intercept close to 1 and a slope equal to k b /k water (Eq. 4). Indeed, this prediction was observed experimentally (Fig. 2B , red filled squares), indicating that one equivalent of buffer base is involved in the rate-limiting O-O bond formation step:
and
As shown in Fig. 2C , the (i cat /i water ) 2 value showed a linear dependence on the concentration of each buffer base. Notably, a Brønsted relationship could be discerned between log (k b /k water ) and the pK a of the buffer used (Fig. 2D) . The slope of 0.38 is a further indication that there is a significant component of proton transfer from the catalyst to the buffer anion in the transition state for the rate-limiting O-O bond formation step (44) . We were able to fit the observed biphasic behavior of WOC activity over the entire range of buffer concentrations studied for the four buffers used (SI Appendix, Fig. S18 and Table S1 ) by assuming that multiple equilibria are involved in the inhibition pathway (SI Appendix, Data Fitting for Details). Interactions of both the -OH ligand on + P-Co III -OH and a H 2 O ligand with a buffer anion are necessary to get the best fit. The latter could occur at either the Co III or Co IV porphyrin cation radical stage (Scheme 2). The nature of the buffer also affected the onset potential of WOC. As shown in Fig. 3A , the onset potential at pH 7 decreased significantly in solutions containing more basic buffer anions; the lowest onset potential was found in the tert-butylphosphonate buffer, which has the highest pK a among the five buffers used. Importantly, a plot of the potential measured at a fixed current (-50 μA) as a function of pK a of the buffer used gave a linear correlation with a slope of -54 mV·pK a -1 , indicating clearly that the generation of the reactive oxidant that effects WOC requires the removal of one proton from the precursor (43) . In this PCET process (45) , the electron transfer (ET) part appears to become more favorable, as illustrated by the negative shift of the onset potential, when the PT component is facilitated by the presence of a more basic buffer anion.
The data indicate that the buffer base must play multiple roles in the catalytic cycle (Scheme 2), including (i) acting as a proton acceptor in the conversion of the -O precursor of WOC; (ii) acting as a base to deprotonate water coupled with the rate-limiting O-O bond formation step, consistent with a KIE (or EIE) value of 2.8 measured in H 2 O vs. in D 2 O; and (iii) inhibiting catalytic water oxidation activity at high buffer concentrations. Buffer anion catalysis of the O-O bond formation step and buffer inhibition has been reported for a homogeneous, single-site ruthenium water oxidation catalyst system developed by Meyer, et al. (31) , and it has been postulated that the pendant carboxylate moiety of the cobalt hangman corrole acts as a general base to assist the O-O bond formation by mediating the transfer of a proton from a water molecule (17, 38) .
In summary, water-soluble cationic Co-porphyrins are effective homogeneous water oxidation electrocatalysts that function at neutral pH and a modest overpotential. Co-TDMImP, which was the best catalyst, was robust during catalysis and was not a precursor of a heterogeneous cobalt oxide film. Mechanistic studies indicate that a high-valent Co-porphyrin, presumably a Co IV -O porphyrin radical cation, is the reactive oxidant responsible for attacking a H 2 O molecule to form the O-O bond. Accordingly, the catalysis proceeds through a Co V/III cycle that would guarantee high activity, while minimizing catalyst decomposition by avoiding the exchange labile Co II state. Co-TDMImP, the most electrondeficient complex having the highest redox potential, was the best catalyst among the three Co-porphyrins studied. Accordingly, the reactive oxidant has a higher oxidation potential than those of Co-TM4PyP and Co-TTMAP, providing a more thermodynamic driving force for water oxidation. The buffer base has been demonstrated to play multiple, critical roles during catalysis.
The dramatic effect of the buffer pK a on the WOC onset potential is worthy of special note. Significantly, water oxidation began near 1 V with the most basic phosphonate buffer anion. This observation is very informative and suggests that a WOC catalyst with properly positioned internal phosphonates could provide the necessary proton transfer catalysis without the inhibitory effects observed at high buffer concentrations. These considerations are informing our continuing studies of next-generation WOC catalysts using earthabundant transition metals.
